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Summary: Limestone samples were exposed to an acidic atmosphere inducing gypsum crust 
formation, a stone deterioration phenomenon in polluted environments. Continuous time-lapse imaging 
was performed using 360° X-ray µCT scanning for several days to fully depict the process. Challenges 
in analyzing these dataset were approached using flip point detection in the voxels, creating time-scaled 




Despite decreasing atmospheric SO2 contents, limestone samples from heritage structures in areas having a 
pollution record still contain gypsum and related weathering crusts [1]. Such gypsum crusts are the result of wet 
and dry deposition of SO2 released as atmospheric gasses or through combustion particles and the subsequent 
reaction with a carbonate host rock, potentially catalyzed by the presence of other fly ash particles [2]. Laboratory 
tests have been performed to simulate this process [3], and the relation of gypsum crusts to the microstructure of 
the stone has been evaluated on different samples [4]. In the recent past, X-ray micro-CT has been used to study 
gypsum crust formation in a non-destructive way first on sound stone [5], later on an already weathered sample 
[6] and in combination with exposure to NOx [7]. Those results have shown a relation between the rock’s 
microstructure and the precipitation of gypsum, and that crust growth is mitigated by self-protection.  
 
2. EXPERIMENTAL METHOD 
 
Cylindrical samples (< 5 mm ) of Lede stone, a Belgian sandy limestone recognized as global heritage stone 
resource (IUGS),  were cored from a sound stone and a weathered stone having a gypsum crust from a church in 
Belgium. Both were prewetted and subsequently exposed to an acid atmosphere above a H2SO3 solution in a 
closed container [8] for respectively 4 to 6 days (Fig. 1a). The sound stone was left untouched allowing reaction 
on all sides, while the weathered stone was put in a heat-shrink tube to seal the edges and create a unidirectional 
reaction front. 
A continuous time-lapse X-ray micro-CT acquisition was performed on a TESCAN UniTOMHR (custom 
configuration) for the duration of the experiments on the sound stone sample and weathered stone sample. In total, 
respectively 138 and 200 scans were acquired, each individual acquisition taking respectively 30 and 43 minutes 
and the time between acquisitions being limited to 1 second. All scans were acquired at 100 kV and with a voxel 
size of 5 µm. The raw data was processed using the batch reconstruction module in the XRE Acquila 4D toolkit. 
After reconstruction the volumes were registered to compensate for sample movements and tube shifts. Temporal 
analysis of each voxel in the volume was performed by determining the flip points, points where the grey value of 
the voxel significantly changed. This results in 3D grey scale volume where the grey value represents the time 
point at which a significant change occurred in the sample. This 4D volume allows to easily asses changes in 










During the continuous time-lapse scanning, the formation of a gypsum crust was clearly observed (Fig. 1b). Initial 
crust formation on sound stone forms as a superficial layer, with outward growing crystals. Underneath, a 
depleted stone layer develops almost symmetrical in time and space, which can be very well visualized by 
applying flip point detection (Fig. 1c). The growth kinetics seem to be related to the dynamics of crust formation, 
with a falling growth rate as a solid crust is forming, and subsequently an increase in speed when local breaches 
occur due to crystallization pressure. When exposing the naturally weathered sample, it shows high rates of 
depletion underneath crust, with dissolution occurring deeper in the stone. Preliminary results show the formation 
of cracks which could mimic the scaling typically observed on monuments. Ongoing spatiotemporal analysis aims 
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Figure 1: (a) sample of Lede stone in a closed container containing H2SO3 ready for scanning. (b) vertical 
slice (top) and differential slice (bottom) after 68h of reacting and scanning, where the formation of a 
superficial gypsum crust can be observed together with calcite cement dissolution immediately under the 
surface. (c) Time-step scaled render of crystallization and dissolution by flip point detection.  
